We present infrared transmission spectroscopy study of the inter-Landau-level excitations in quasineutral epitaxial graphene nanoribbon arrays. We observed a substantial deviation in energy of the L 0(−1) →L 1(0) transition from the characteristic square root magnetic-field dependence of twodimensional graphene. This deviation arises from the formation of upper-hybrid mode between the Landau level transition and the plasmon resonance. In the quantum regime the hybrid mode exhibits a distinct dispersion relation, markedly different from that expected for conventional twodimensional systems and highly doped graphene.
We present infrared transmission spectroscopy study of the inter-Landau-level excitations in quasineutral epitaxial graphene nanoribbon arrays. We observed a substantial deviation in energy of the L 0(−1) →L 1(0) transition from the characteristic square root magnetic-field dependence of twodimensional graphene. This deviation arises from the formation of upper-hybrid mode between the Landau level transition and the plasmon resonance. In the quantum regime the hybrid mode exhibits a distinct dispersion relation, markedly different from that expected for conventional twodimensional systems and highly doped graphene.
PACS numbers: 73. 20 .Mf, 78. 20 .Ls, 71. 70 .Di, 78.67.-n Graphene plasmons, the collective oscillations of Dirac fermions, have recently attracted a great deal of attention [1] [2] [3] [4] [5] [6] . It has been theoretically suggested that graphene may be able to replace noble metals in future plasmonic devices, as it can host surface plasmons with higher degree of confinement and longer lifetime, owing to its extraordinary material properties [7] [8] [9] . Moreover, recent advances in graphene synthesis and fabrication have made it possible to pattern large-scale micrometer-sized structures with increasing carrier mobility and tunable carrier density [10] [11] [12] . These advances enable broadband graphene plasmonics operating at terahertz (THz) frequencies and make graphene promising candidate material for next generation optoelectronics.
The ability to enhance light-matter interactions in graphene via confined plasmons has been demonstrated recently in graphene ribbons [1, 13] , disks [2, 14] , and tapered nanostructures [4, 5] . Experimentally, surface plasmons manifest themselves as resonance absorptions in the transmission spectra, and the resonance frequency (ω pl ) can be tuned by varying external parameters such as the graphene dimension and/or the carrier density (n el ). For graphene micro-ribbon arrays, for example, Ju et al . [1] have shown that ω pl depends on the width of the ribbon (ω pl ∝W −1/2 ) and the Fermi energy (
√ n el ), where the ω pl ∝ 1/4 √ n el dependence is unique to graphene. Previously reported results on graphene plasmons were mostly obtained in highly doped samples with E F ≥300 meV [2-4, 13, 14] . Investigations near the charge neutrality point, where interaction-induced deviations from the Fermi-liquid picture are expected [15] , are still missing. In this particular regime, large wave vector (e.g., q∼π/100 nm −1 ) graphene plasmons are difficult to probe at zero magnetic field. High-mobility graphene specimens are needed to achieve exceptional optical field confinement and long plasmon lifetime.
In this Letter, we report on the observation of plasmontype collective excitations in quasi-neutral epitaxial graphene nanoribbon (GNR) arrays exposed to a perpendicular magnetic field. Most saliently, the scaling behavior as a function of the wave vector (q) and the magnetic field (B) allows us to identify this mode with the upper-hybrid mode (UHM) between the plasmon resonance and the L 0(−1) →L 1(0) Landau level (LL) transition. This scaling is different from that of the UHM in conventional two-dimensional electron gases (2DEGs) with parabolic bands or in highly doped graphene as well as from that of magnetoexcitons. Furthermore, we show the possibility to confine plasmons in narrow GNRs allows to probe the dispersion relation of the UHM in a large parameter range. For the 100nm-wide GNR arrays, we observe a wavelength shrinkage of ∼165, a value difficult to achieve in common plasmonic materials, but in agreement with that predicted for graphene [7] .
The GNR array samples were fabricated from multilayer epitaxial graphene (MEG) grown on the C-face of SiC. The first few layers of graphene close to the SiCgraphene interface are highly doped due to charge transfer from SiC, while the subsequent top layers are practically charge-neutral and behave like isolated graphene monolayers [16] [17] [18] [19] . Three series of GNR arrays (200 nm, 100 nm, and 50 nm ribbons width) were patterned via electron-beam lithography in a large writing field, followed by oxygen plasma etching and finally vacuum annealing at 600
• C for 2 hours to remove resist residues. The length of each ribbon is 400 µm. The inset in Fig.  1(a) shows an atomic force microscopy (AFM, Park Systems XE-100) image of a 100nm-wide GNR array sample. The GNR width/gap ratio is W/d=1:1, unless otherwise noted in the discussion below.
Infrared (IR) transmission spectroscopy measurements were performed at 4.2 K using a Bruker IFS 113v Fourier- transform IR spectrometer. The radiation from a mercury lamp was delivered to the sample via evacuated light-pipes, and the intensity of the transmitted light was detected by a composite Si bolometer. A ∼1 mm 2 square aperture was placed on the sample surface to reduce the amount of stray IR light around the GNR array.
Figure 1(a) shows the normalized zero-field transmission spectra of a 100nm-wide GNR array with the IR light polarization parallel or perpendicular to the ribbon direction. For both polarizations, no plasmon-related spectral features are observed. Instead, the spectra exhibit a Drude-like behavior with a zero-energy absorption peak, possibly due to unintentional growth of 2D graphene on the back side (Si-face) of the SiC substrate [20] . The absence of plasmon resonance peaks at B=0 is likely due to the low carrier concentration in our GNRs, leading to very small oscillator strength for the plasmon resonance.
In order to probe plasmons in quasi-neutral GNR arrays, we apply a magnetic field perpendicular to the graphene plane and force electrons into cyclotron resonance (CR). The plasmon mode then couples with the CR, forming an UHM with energy [21] [22] [23] 
where is Planck's constant, and ∆ nF is the LL transition energy between the last occupied LL, n F , and the first unoccupied one, n F +1. For quasi-neutral graphene in the quantum regime, where one has n F =0 (or -1) independent of the magnetic field, the cyclotron energy exhibits characteristic dependence ∆ 0(−1) ∝ √ B [16, 24, 25] . The spectral weight of the UHM is primarily dominated by the CR, therefore it can be readily measured experimentally. For the 100nm-wide GNR array, the UHM is observed in an energy range of 300-610 cm −1 , which corresponds to λ IR ≈16-33 µm and λ IR /λ pl ≈λ IR /2W ≈80-165. This is consistent with the theoretical prediction that strong reduction in plasmon wavelength (and thus high degree of optical field confinement) can be achieved in graphene, up to λ IR /λ pl ∼200 [7] .
The effect of plasmon energy interchange between adjacent ribbons, plasmon cross-talk, is predicted in dense GNR arrays with W/d>2 [26, 27] . Magneto-transmission spectra measured on the 100nm-wide GNR arrays with W/d=1:1 and W/d=2:1 do not reveal much variation in the position of the absorption line ( Fig. 1(c) ), indicating that the plasmon cross-talk effect in our samples can be largely neglected.
In Fig.  1(b) , we plot the normalized magnetotransmission spectra, T (B)/T (B=0), taken on an unpatterned 2D graphene reference sample, 100nm-and 50nm-wide GNR arrays. The 2D reference sample exhibits the typical CR of MEG with the absorption line corresponding to the L 0(−1) →L 1(0) LL transition [16, 28] . This transition is also observed in all GNR array samples, and for the 200nm-wide GNR array it is visible at very low magnetic fields down to 0.2 T [30] . This observation allows us to estimate the Fermi energy and the mobility in our samples. According to Pauli's exclusion principle, the L 0(−1) →L 1(0) transition is blocked when the n=1 (-1) LL becomes fully occupied (depleted). This corresponds to E F ≤17 meV. Here, we want to emphasize that the Fermi energy in our samples is more than one order of magnitude smaller than E F reported in previous works on graphene magnetoplasmons [3, 14] , where the CR is found in the classical regime and the cyclotron energy ω c ∝B. To estimate the mobility, we use the semiclassical condition µB>1, and obtain µ>50,000
. Such a high value of mobility suggests that MEG is an ideal system for studying graphene magnetoplasmons.
As one can also see in Fig. 1(b) , the absorption line of GNR array samples is clearly blue-shifted with respect to the CR of 2D graphene, due to the formation of UHM. The energy shift increases as the GNR width decreases, and it becomes more pronounced at a lower magnetic field. This behavior is expected from Eq. (1), given that ω pl ∝W −1/2 . In addition, the amplitude of the absorption lines decreases with the GNR width (not shown in Fig.  1(b) where scaled spectra are plotted for clarity), even though the GNR width/gap ratio is the same, W/d=1:1. This reduction in spectral weight prevents us from observing the UHM in narrow GNRs at very low mangetic fields. To examine the magnetic-field dependence of the UHM energies, we fit the transmission minima as a single Lorentzian and plot the extracted line positions as a function of √ B in Fig. 2(a) . For all studied GNR array samples (W =200, 100, and 50 nm), the ω uh (B) dependence is well described by Eq. (1) with
6 m/s is the Fermi velocity measured on the 2D reference sample [16] , l B = /eB is the magnetic length, and e is the electron charge. The extracted values of ω pl are summarized in Table I . Similar values of plasmon energies measured on two 100nm-wide GNR array samples with different thicknesses indicate that plasmon properties in MEG grown on the C-face of SiC can be considered similar to those in a stack of uncoupled graphene monolayers.
Since the UHM frequency is dominated by the contribution from CR, it is instructive to plot ω uh , in units of v F /l B , as a function of ql B (Fig. 2(b) ). In this way, the CR line in Fig. 2(a) collapses on a single point at q=0 and the dispersion of the UHM is highlighted. The solid lines in Fig. 2(b) show best fits to the data using Eq. (1), from which we expect ω uh ≈∆ 0 in the high magnetic field limit (l B →0). In the low field limit, Eq. (1) becomes insufficient to describe graphene magnetoplasmons as the UHM approaches the diagonal line ω=v F q, separating regions of interband and intraband excitations. Contrary to conventional 2DEGs, the graphene plasmon frequency is ω pl >v F q, for any value of q. The UHM can therefore never enter the intraband particle-hole continuum described by frequencies ω<v F q, but only the interband continuum, where it is weakly Landau-damped and merges into one of the linear magnetoplasmons [31, 32] .
The UHM dispersion relation can be investigated further by considering the UHM energy shift with respect to the CR of 2D graphene. In the limit ω pl ≪∆ 0 , one can Taylor-expand Eq. (1) and express the energy shift in units of Coulomb energy as
where ǫ 0 is the vacuum permittivity, ǫ=(ǫ SiC + 1)/2≈5 is the relative permittivity of epitaxial graphene, and the energy of the plasmon mode is given by
The above-mentioned Taylor expansion is valid if the plasmon term is small compared to the cyclotron energy. In our case,
where α G =2.2/ǫ is the graphene fine structure constant. Therefore, Eq. (2) holds within our experimental parameter range and measurement accuracy. Note that the scaling behavior (∝ql 2 B ) in Eq. (2) is unique to the UHM in graphene in the quantum regime, while ∝ql 3 B scaling is expected for conventional 2DEGs and highly doped graphene, where classical CR is observed. Moreover, this scaling behavior helps to distinguish the UHM from other possible interpretations of our data such as magnetoexcitons [33] . Magnetoexcitons may be understood as inter-LL transitions acquiring a weak dispersion, as a function of the electron-hole wave vector, due to the mutual Coulomb interaction. For small values of ql B ≪1 the magnetoexciton-induced energy shift scales as ∝ql B . As shown in Fig. 2(c) , the energy shift of the UHM in all studied GNR array samples scales as ql 2 B . Apart from a small vertical offset (∼1.5% of the cyclotron energy at B=4 T for the 100nm-wide GNR array), all data collapse on a single line with the slope corresponding to E F =17±2 meV, in very good agreement with the estimated Fermi energy. One shall note that the presence of a vertical offset does not follow from Eq. (2). In our analysis, we considered a simple model using the dispersion relation of plasmon mode for 2D graphene (Eq. (3)) and replacing the wave vector by q=π/W to account for the GNR geometry. Although this model provides correct insight about the dispersion and predicts ql 2 B scaling, further corrective geometric terms, as those discussed in Ref. [26] , may give rise to the small offset in the data taken from GNR arrays with different widths.
Finally, we discuss the polarization-resolved measurements. Figure 3 baseline. For both 200nm-and 100nm-wide GNR arrays, the energy of the UHM absorption lines in E||x polarization is blue-shifted and their linewidth is much broader compared with those for E||y polarization. Figure 3(b) illustrates the obtained dispersion relation of the UHM for both polarizations and the best fits to the data using Eq. (1). The extracted values of ω pl are summarized in Table I . Because of the IR intensity reduction caused by a linear polarizer and the weak CR absorption, polarization-resolved measurements were not possible for 50nm-wide GNR array. In Fig. 3(c) , we examine the ql 2 B scaling of the UHM energy shift with respect to the CR of 2D graphene. Interestingly, we find that ql 2 B scaling with different vertical offsets holds for both polarizations. The difference in vertical offsets in polarized data is very similar to that found in un-polarized data for different GNR widths discussed previously, thus suggesting that additional geometric corrections to Eq. (2) depend on ribbons orientation with respect to the polarization direction. We notice that this polarization-dependent behavior of UHM was not observed in previously studied quasi-1D quantum wires [22, 34] . We hope our observation of surprising polarization effects in GNRs will trigger further theoretical studies which are beyond the scope of this experimental work.
In conclusion, we fabricated large-scale epitaxial GNR arrays with various widths and studied their plasmon properties in a magnetic field. We show that large-q graphene plasmons can couple with the CR, forming an UHM and resulting in a blue-shift in the energy of inter-LL transition. The observed energy shift exhibits a peculiar ql 2 B scaling, which distinguishes it from the UHM in conventional 2DEGs and in highly doped graphene.
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